This report describes an imaging system employing the digital reconstruction of the near fields of an object using the amplitude and phase of the scattered fields measured on a remote plane in the Fresnel zone. This imaging technique is shown to be significantly different from holographic and phased array systems and basically computationally implements a classical lens system having the reconstruction plane parallel or perpendicular to the measurement plane. The theory of the imaging approach is detailed and the method of obtaining a real-time implementation is described. Test data for the first 64x64 element array using PVDF elements and electronic scanning is presented. 
I Introduction
In t~is report we describe the theory and exper1mental results for a technique of acoustic imaging using wavefront reconstruction to obtain the source or scatter near-in fields from a measurement of the scattered fields in the Fresnel zone of the object or source, The reconstruction technique has its roots in physical optics wherein the operation of lens are described by mathematical operations and visa versa [1] .
Thus the procedure is to perform the image formation through a series of mathematical operations rather than via a set of physical objects such as lens.
The burden of the image quality is thus placed upon the initial data collection and finally the precision of the mathematical transformation process. There is of course considerable flexibility offered by this approach because, as will be shown, one set of two dimensional data can yield an infinity of reconstruction 9lanes, whereas variable focal length acoustic lens are much more difficult to implement and still reouire field measurements in their focal planes. This paper discusses the formalism of the imaging technique, progress obtained on the implementation of the imaging system using two dimensional acoustic arrays, and a brief comparison with holographic (2] and phased array systems.
II Theoretical Basis of the Imaging Approach
The basis of the imaging system, Figure  1 , starts from Huygens theory describing the superposition of a radiation field from many point sources of the source or scattered field, [l] oo ikr UM(u,v) = ~k'TTJJu(x,y) _e_ dxdy
where Um(u,v) is the measured field in the u,v plane located a distance R from an 272 assumed scattering plane, k is the wavenumber, U(x,y), the source or scattered field and r is the distance between a scattering element and field position, Using the small angle approximation we essentially restrict the transverse dimensions of the scattering re'9ion and measurement plane such that they are much less than R the distance between planes. In practice this para-axial approximation restricts the maximum angle between r and R to approximately 30 degrees. However, for the usual cases of water-solid interfaces this represents a more than adequate angle of incidence due to longitudinal wave cutoff conditions. Using the paraxial ray approximation, the distance r is approximated by
The quadratic expanded and obtained phase factor may now be a normalized relationship is
or where AS=~R/2a maximum sampling internal allowed without considerable information loss. At the widest angle of operation, R/a would have a minimum value of )3 and the maximur; allowed sampling interval would be AS = ( )3/2) ~ • The image is formed by a sequence of mathematical operations. First, the actual field at the measurement plane must be obtained by taking the measured data and multiplying by a correction factor that accounts for variations within the measurement system.
Next the data is calumniated by multiplication by a parabolic phase factor, an operation equivalent to lens Ll in Fig. 2 . Next the data is corrected by a smoothing function in order to reduce ringing in the final image due to the finite spatial sampling that is necessarily employed in the measurement process. Clearly, small defects or sharp edges of defects, such as crack tips, scatter widely, and a truncation of the fields due to finite spatial sampling causes a smoothing in the image.
The weighting function is used to eliminate the Gibb's ringing created by this artificial truncation.
By taking the inverse transform of (5) we obtain
which is the normalized image field. If phase information is desired then the parabolic phase unnormalization is carried out,(7).
The Fourier transform has the same effect as lens 12 in Fig.2 . Note that the plane of reconstruction is determined by the parabolic phase normalization and that many images may be formed from one set of measured data. However, only one image would be in focus. With that procedure in mind the reconstruction algorithm can be derived for the case of side looking perpendicular plane imaging similar to that described above for parallel plane imaging.
The geometry of the side looking imaging problem is shown in Figure 3 . Here the (x,y) plane is taken as the source plane or origin of scattered fields and (u,v) the measurement plane just as for the previous case.
The scattering region is centered a distance s to the side and a distance D in depth from the measurement plane. The planes are taken to be perpendicular. Here r is given exactly by and may be factored to obtain, r=Ro[l+~a(vS+yD)iva+ua;~a+ya-2A~J~ 
This may now be written in the form
This factoring of r is most essential to the formulation because it allows the field quantities to be normalized by phase terms and then cast into the Fourier transform format. The 1/r dependence in (1) may be removed from the integral under the small angle approximation which essentially assumes all sources are equally distant from the measurement plane for the purposes of amplitude determination. Using (14) for R, the field expression (1) becomes
where (19) U~(x,y)
normalized source field
normalized measured field. In (18) the normalized fields are clearly in the Fourier transform format through the definition of r in (17).
Taking the inverse transform of (18) yields.
U~(x,y) = C'ffU~(u,v)eikRsm dudv (22) which completes the major part of the field inversion process.
There is a distortion in the relationship between the y and v coordinates due to the scale factor, SD/R , in (17).
The effect of this is most apparent when (22) where
The phase factor in (22) 
In (28) the primed quantities are the coordinates normalized in terms of the wavelength.
For parallel plane imaging both x and y are related to u and v by the same reduction factor, in the perpendicular plane case the reduction factor may be different.
In practice this linear distortion would cause no problems because there is always the option of compensating the distortion in the display device. Also, note that if S D there is no distortion.
IV Two Dimensional Acoustic Arrays
From the standpoint of this particular imaging technique there is no real size limitation on the array other than the small angle requirement suggesting some bounds on the ratio of array area to object distance from the array.
Thus a small array could be located close to the scattering fields and a large array farther away assuming both had the same number of array elements. The number of array elements is largely determined by the resolution and number of pixels desired. our previous work on transducer characterization suggested that an array of size 64 x 64 is satisfactory from the reconstruction standpoint and that 32 x 32 would give somewhat less favorable images for these confined fields. The rate of sampling is determined by the characteristics of the image and how the scattered fields interfere at the remote sampling plane. The mathematical requirements on the number of sampling points is determined by sampling theory. If the image were known to have a simple symmetry then a two dimensional array would not be required or at most a simple array would give all the necessary information required.
In a two dimensional array one major technological problem is that of accessing the elements of the array. In the imaging system described above, the actual image is formed by computation using a matrix of data.
Accordingly there is some flexibility in the manner in which the data is gathered and sequential acquisition seems most appropriate. In addition, the array may be operated in eitber the send only, send and receive, or receive only mode.
There are acoustical placed on the array as well transducer element bandwidth, and radiation pattern. constraints in terms of efficiency, Below is discussed the electronic and acoustic problems in more detail.
Electronic Scanning
In an array of size 64 x 64 there are 4096 transducer elements that must be sequentially or randomly accessed. such a large number of elements implies that the cost per element must be small if the overall array is to be practical. A further constraint was the decision to use 254 microns (100 mil) spacing of the array elements. This was a reasonable choice based upon the finite amount of piezoelectric available and the desire to keep the overall array and associated electronics of finite size.
Thus with elements on a 254 micron (100 mil) grid the available cross-sectional area for the electronic switching is somewhat limited whereas the depth may be anything reasonable.
The electronic switching is accomplished using CMOS 8-1 multiplexer hybrid integrated circuits.
These eight channel switches are enclosed in a standard sixteen pin DIP ceramic package.
A group of eight such switches form a 64 element cell, Figure Here eight MUX chips are stacked side by side and share common power and row address lines.
The eight analog I/O lines are further multiplexed to produce a single I/O line and resultant column address lines. This 8 x 8 cell was used for protot~pe array designs betore going to the full sized array. Accordingly various combinations of such cells can be 275 used to form a larger array although any subset of the 8 x 8 cell would work as well.
In a 64 x 64 array, 64 such cells are combined in a manner indicated schematically in Figure 5 Here representative signal paths are shown in order to illustrate the decoding technique and to facilitate the computation of the signal attenuation and spurious feedthru within the array. Also shown schematically is a 64 x 64 array composed of 64 8 x 8 cells having one cell (shaded) with one chip active (solid line) and within that chip one channel is active.
The dashed line denotes the selected 8 x 8 cell and within that cell the active chip.
The inhibited chip, denoted by INH, represents the remaining seven inactive chips within that cell. The two chips below the active cell represent the remaining seven 8 x 8 inactive cells in the selected row of cells common to the active cell. The bottom most chips represent all those other cells which are inactive because they occupy unselected rows of cells. Such a picture is necessary for computing the attenuation because the attenuation through a chip is greater for the unselected state than for the selected state.
In an active chip the adjacent channel isolation is from 25 dB to 35 dB and all other channels within the chip show approximately 40 dB isolation. An inactive chip shows a much larger attenuation of 45 to 50 dB.
If we let A represent the fractional isolation of unselected channels within an active chip, and Al the fractional isolation in an inactive chip, then, assuming unit amplitude at all 4096 channels, and no attenuation through the ON switches, the output signal is given by, The result is 585 analog MUX chips and some low power TTL decoder chips. The output wires from the immediate vicinity of the array consist of 12 address lines 6 for row and 6 for column, two power supply lines, one analog I/O line and ground for a total of only 16 wires. The digital lines plug into an IEEE 488 interface which provides sequential scanning via external or computer trigger or complete random access of the array elements.
Transduction Elements
In the large two dimensional array it is necessary to have 4096 transduction elements.
Because of the number of elements involved the construction of an individual element must be simple if the overall array fabrication is to be practical.
The physical constraints imposed upon the individual elements by the imaging process are somewhat flexible. First of all, the bandwidth of the transducers need only be sufficient to pass a 5 MHz tone burst of duration greater than approximately 5 microseconds since the imaging system employs coherent waves. The lower limit of the pulse duration is determined by the physical extent of the object since all of the object must be illuminated.
The upper limit is set by stray echo considerations since a modest amount of pulse delay discrimination is very desirable.
The beam angle of the array element must be large enough to sample the object area. A practicai upper bound is set by the small angle requirement of the imaging process and is approximately 30 degrees for the half angle. It is only necessary that the element transducer sample the entire image area preferably without any nulls, since the detector response can always be compensated for in the final image. It is more important to have uniformity in the beam pattern from one element to the next than to have a wider pattern but with greater variance between elements.
The transduction efficiency of the element should be as high as possible as in any acoustic array. However, in this case the element may be optimized for either send or receive. For the 64 x 64 array actually con~tructed, we chose PVDF for the piezoelectric elements because it is readily available in 10 x 20 em sheets.
The configuration of the elements is shown in Figure 6 • Here two possible configurations are shown, the left one uses a spherical surface radiator and shows the PVDF film pressed over the electrode posts. The posts are in turn connected to the MUX IC through a socket, left, or directly as shown on the right. The posts are made of brass and act as high impedance acoustic backings for the low impedance PVDF films. Although several such configurations were evaluated as 8 x 8 cells, the final 64 x 64 array was constructed using flat posts and IC sockets in order to simplify the PVDF bonding and to allow the IC's to be moved to other arrays.
The 64 x 64 array was constructed using four blocks of 32 x 32 since 32 x 32 was the largest physical size that could be fabricated using available PVDF sheet and hydrolic press areas. The final array is shown in Figures 7, ~. 
V Comparison to Other Imaging Systems
The image reconstruction system described above has some similarity to acoustic holography (2] in that the fields are measured in a two dimensional plane. However, in this case the phase information acquired in the data collection is used directly in the reconstruction process. This system does not require an acoustic reference beam during the measuring process and consequently the high spatial frequency 276 introduced by the reference beam is absent. Thus the data may be collected with more widely spaced transducers significant!~ aiding the physical implementation.
In optical holography the high spatial frequency caused by the interference of the angled reference beam with the scattered waves does not cause any difficulty because the recording media, high resolution film, has a spatial resolution much greater than the spatial frequency of the interference pattern.
In implementing an acoustical holographic system, the high spatial frequency must be sampled by a mechanical!~ spaced transducer or finely spaced transducer array whose implementation is much more difficult except at very lo~ frequencies (long· wavelengths). In addition, the number of sampling points is determined by the extent of the scattered field divided by the sampling interval. Thus a holographic system requires a significantly larger number of sampling points due to the smaller sampling interval required by the high spatial frequencies created by the reference beam.
In phased array systems a number of array elements are excited in sucH' a manner that signals arrive at a common focal point.
In order to have only one focal point the array elements are closely spaced ( of order A /2) in order to eliminate grating lobes caused by the finite element spacing.
In such systems spatial resolution is obtained by the use of short pulses and also by the size of the focal spot as determined by the number of arra~ elements.
In the reconstruction systerr described here the object is illuminated with a tone burst of sufficient duration tc encompass the entire object but not so long as to introduce stray reflections frorr regions that are not of interest.
The spacing of the transducer is determined b~ the spatial frequency of the scattered fields created by the interference of waves coming from different regions of he object. Since in our case the image is formed by a Fourier transform process the nature of the reconstruction is only dependent upon the sampling interval and number of sampling points chosen just as in any other Fourier transform operation. Since the sampling is discrete, the transforms become periodic and therefore the image is periodic and unless the sampling is done carefully the images will run together creating the well known ailising effect. Thus sampling more closely in the measurement plane causes the periodicity of the image to decrease and increasing the number of sampling points better defines the image.
VI Experimental Results
A two dimensional array was fabricated using the switching and transduction systerr described above.
Measured data for the array are shown in Figs. 9-11. In Fig. 9 the amplitude data for each element is shown in a grey scale display in order to test the element fallout pattern.
Here each element was mechanically positioned over a 0,5 inch diameter 5 MHz transducer located 18 inches away.
The 
VII Conclusions
An acoustic imaging system has been detailed and the means to implement the system using two dimensional arrays has been described. The two dimensional array has been constructed using PVDF piezoelectric films and CMOS analog switches for sequential accessing.
The experimental results obtained to date on the 64x64 array clearly demonstrate the feasibility of the imaging implementation using two dimensional arrays. The imaging technigue was previously demonstrated in relation to transducer characterization using a single mechanically scanned transducer rather than an array. 
